The molecular mechanism underlying the 3 0 to 5 0 polarity of induction of mouse Hox genes is still elusive. While relief from a clusterencompassing repression was shown to lead to all Hoxd genes being expressed like the 3 0 most of them, Hoxd1 (Kondo and Duboule, 1999), the molecular basis of initial activation of this 3 0 most gene, is not understood yet. We show that, already before primitive streak formation, prior to initial expression of the first Hox gene, a dramatic transcriptional stimulation of the 3 0 most genes, Hoxb1 and Hoxb2, is observed upon a short pulse of exogenous retinoic acid (RA), whereas it is not in the case for more 5 0 , cluster-internal, RA-responsive Hoxb genes. In contrast, the RA-responding Hoxb1lacZ transgene that faithfully mimics the endogenous gene did not exhibit the sensitivity of Hoxb1 to precocious activation. We conclude that polarity in initial activation of Hoxb genes reflects a greater availability of 3 0 Hox genes for transcription, suggesting a pre-existing (susceptibility to) opening of the chromatin structure at the 3 0 extremity of the cluster. We discuss the data in the context of prevailing models involving differential chromatin opening in the directionality of clustered Hox gene transcription, and regarding the importance of the cluster context for correct timing of initial Hox gene expression.Interestingly, Cdx1 manifested the same early transcriptional availability as Hoxb1. q
Introduction
Sequential activation of mouse Hox genes begins at the late primitive streak stage and is tightly coupled with the progress of gastrulation and laying down of the future definitive Hox expressing tissues (Duboule, 1992 (Duboule, , 1994 Deschamps et al., 1999) . A hierarchy of genetic control mechanisms is thought to orchestrate the subsequent establishment of the definitive Hox expression domains that are crucial for correct embryonic patterning. After the first Hox gene is initially expressed, the release of a cluster-encompassing repression has been shown to successively allow 3 0 to 5 0 Hoxd genes to be transcribed (Kondo and Duboule, 1999) .
This gradual derepression is thought to precede the numerous regulatory steps directing spatially specific subsets of the complex expression patterns, and involving enhancers often able to function independently of the cluster context. Progressive escape of Hoxd genes from the global repression, exerted from a remote 5 0 sequence, has been proposed to be facilitated by a gradual opening of the chromatin structure from 3 0 to 5 0 (Van der Hoeven et al., 1996; Kondo and Duboule, 1999) . Among the cis-acting, gene-specific regulatory sequences that subsequently would become sequentially accessible and operative are Retinoic Acid Response Elements (RAREs). These RAREs, present in 3 0 and more 5 0 neural enhancers, mediate gene stimulation by endogenous retinoic acid (RA) signals, in a progressively later time window (Gould et al., 1998; Zhang et al., 2000) . Transcription of the earliest Hoxb gene, Hoxb1, is activated in the posterior part of the primitive streak at the late streak stage (embryonic day 7.2, E7.2) (Murphy et al., 1989; Frohman et al., 1990) . Hoxb1 has been shown to respond to RA subsequently to initial transcription (E7.75, late head fold stage, and later) by rostrally extending its anterior expression boundary in the presumptive hindbrain (Marshall et al., 1992; Conlon and Rossant, 1992) . Hoxb2 is regulated very similarly to Hoxb1 at early stages. Both genes share some regulatory elements, a Hoxb2 RAresponse being mediated by Hoxb1 (Maconochie et al., 1997) . In addition, a Hoxb2 RARE has recently been iden-tified, which initiates Hoxb2 expression in rhombomere 4 (cited in Manzanares et al., 2001) . Hoxb3 shares regulatory regions with both Hoxb2 and Hoxb4 (Kwan et al., 2001) . Expression of more 5 0 Hox genes starts in posterior embryonic tissues at progressively later stages. Hoxb4 is activated at the neural plate stage (E7.75) (Wilkinson et al., 1989; Gould et al., 1998) , Hoxb6 at the early head fold (Becker et al., 1996) and Hoxb8 at a more advanced head fold stage (E7.75) (Deschamps and Wijgerde, 1993) . Hoxb4 was shown to be RA-sensitive from E8 (Gould et al., 1998) , and Hoxb6 and Hoxb8 from E9.5 and E10.5, respectively (Oosterveen et al., submitted).
In our experiments we set out to probe the transcriptional availability of 3 0 versus more 5 0 Hoxb genes very early in development, before any Hox gene starts to be transcribed. For this purpose we cultured carefully staged postimplantation embryos for a short time in the presence of RA as an external stimulus. We show that precocious induction of Hoxb1 and Hoxb2 by RA is operational at E6.0 already, before primitive streak formation and long before the gene is transcriptionally initiated. sion features and post-initiation RA sensitivity, did not react to the precocious transcriptional stimulation, suggesting that the early transcriptional availability is a cluster property. Finally we demonstrate that one of the Cdx gene family members, a relative of the Hox genes, also exhibits the extreme early transcriptional availability of Hoxb1.
Results

Exogenous RA rapidly and precociously activates Hoxb1 and Hoxb2 prior to primitive streak formation
Hoxb1 is normally transcriptionally activated in the posterior part of the primitive streak, at the junction between embryonic and extraembryonic tissues, at the late streak stage (E7.2). Expression is first confined to posteriormost mesoderm and streak ectoderm, and later spreads rostrally to more anterior regions and laterally in the mesodermal wings (Murphy et al., 1989; Frohman et al., 1990) (Fig.  1A-C) We exposed pre-streak (E6.0) and early-streak (E6.2) embryos in culture, thus before any Hox gene was expressed, to 10 26 M all-trans-retinoic acid (RA) for 4 h, and analysed Hox gene expression by whole mount in situ hybridisation. Hoxb1 expression was strongly activated in these conditions ( Fig. 2A, B) . Hoxb2 expression was induced as well (Fig. 2C,  D) , whereas the expression of Hoxb3, Hoxb4, Hoxb6 and Hoxb8 was not induced (Fig. 2E-L) . For Hoxb4, Hoxb6 and Hoxb8, which start to be expressed later than Hoxb1 we examined gene expression at progressively later time points, until stages closely preceding normal transcriptional initiation, and did not observe precocious induction upon either a 4 h, or a 7 h-RA treatment (not shown). RA used as an exogenous trigger to sense whether clustered Hox genes are available for transcription, thus rapidly and precociously turns on Hoxb1, and the partially Hoxb1-dependent Hoxb2. In contrast, this trigger does not affect Hoxb3, Hoxb4, Hoxb6 and Hoxb8, in spite of the fact the latter have been shown to be RA-sensitive at later stages.
Precocious expression of Hoxb1 initially follows spatiotemporal dynamics similar to that of the endogenous gene
We examined the spatio-temporal dynamics of the precociously induced Hoxb1 expression, to compare it with the normal evolution of the transcription domain of endogenous Hoxb1. Pre-streak (E6.0) embryos were exposed to RA in culture for periods between 30 min and 4 h. Already after a 30-min exposure, Hoxb1 was precociously induced in the presumptive posterior epiblast at the junction between embryonic and extraembryonic ectoderm (Fig. 3A, B) . After culture in these conditions for 1 h, Hoxb1 transcripts had expanded towards antero-distal and lateral positions (Fig. 3C) . From the localisation, in whole mount and sectioned embryos, of the expression signal in embryos that had formed an early streak, we conclude that the RAinduced transcription of Hoxb1 in the pre-streak embryos begins and spreads from posterior to distal and lateral positions. This spreading of the precocious expression domain of Hoxb1 therefore initially follows spatio-temporal dynamics resembling the expansion of endogenously induced Hoxb1 transcription, but more than 24 h in advance of normal expression. From a 2-h RA exposure onwards, the entire epiblast expressed Hoxb1 at high levels ( Fig. 3D ) in embryos treated at the prestreak stage, while the most antero-distal region remained non-induced in embryos treated at the early streak stage. Precocious expression of Hoxb1 mainly occurred in the epiblast (Fig. 3F , H) whereas normally induced transcription of the gene takes place at a later stage in the mesoderm and streak epiblast (Fig. 3G ).
2.3. A Hoxb1lacZ transgene, which is RA responsive at later stages, does not react to a pre-initiation RA stimulation
We investigated whether a Hoxb1lacZ transgene, able to entirely recapitulate endogenous Hoxb1 expression ( Fig.  1D-F) , and to respond to RA at later stages exhibited the same extreme sensitivity to early RA activation as endogenous Hoxb1. The transgene used was a 21.6 kb genomic fragment where lacZ is inserted in frame in the first exon of Hoxb1. It contains, besides the proximal 3 0 and 5 0 RARE elements Studer et al., 1994 ) the more distal 3 0 RARE that mediates RA induction of Hoxb1 in gut endoderm later in development (Huang et al., 1998) . We generated transgenic lines stably expressing this Hoxb1lacZ transgene. As previously described (Marshall et al., 1992 ) the Hoxb1lacZ transgene was expressed indistinguishably from the endogenous gene ( Fig. 1) , and responded to post-initiation RA exposure by rostrally and laterally expanding its expression domain (Fig. 4G, H) . We compared endogenous Hoxb1 and Hoxb1lacZ expression after exposure of pre-and early streak stage embryos to RA in culture. No induction of Hoxb1lacZ mRNA and protein accumulation was observed, in conditions where endogenous Hoxb1 was strongly induced (Fig.  4C -F compared to Fig. 4A, B) . The Hoxb1lacZ transgene responded to post-initiation RA exposure (Fig. 4G, H) , demonstrating its sensitivity to RA at later stages. There was therefore a dramatic early difference (at E6.2) between transgene and endogenous gene in their ability to be transcriptionally activated, although both responded to RA after Hoxb1 had been normally initiated (E7.5).
2.4. Cdx1 also quickly responds to a short RA pulse by a strong and precocious induction prior to primitive streak formation
The mouse homologues of Drosophila caudal, the Cdx genes, are involved in axial patterning and are known to regulate Hox gene expression (Subramanian et al., 1995; Charité et al., 1998; van den Akker et al., 2002) . Cdx genes have been suggested to be ancient relatives of the Hox genes (Brooke et al., 1998) . Cdx1 is initially expressed very similarly to Hoxb1 in time and place. Transcription of Cdx1 is normally initiated in the posterior primitive streak epiblast and mesoderm at the late streak stage. Expression of Cdx1 spreads in a Hox-like manner to eventually reach its rostral expression at the level of the preotic sulcus at early somite stages, before becoming down-regulated in the rostral spinal cord and sclerotomes (Meyer and Gruss, 1993) . Cdx1 has also been shown to be a direct RA target in vivo at time points following transcriptional initiation (Houle et al., 2000; Prinos et al., 2001) . We examined whether Cdx1, like Hoxb1, quickly responded to RA exposure by a strong and precocious induction. Treatment of pre-(E6.0) and early streak (E6.2) embryos with exogenous RA for 4 h led to strong and precocious Cdx1 transcription (Fig.  5A, B) . This extreme early sensitivity of Cdx1 to exogenous RA is not shared by the other two Cdx genes, Cdx2 (James et al., 1994) and Cdx4 (Gamer and Wright, 1993) . No difference in the time, location and level of transcription of Cdx2 (Fig. 5C, D) and Cdx4 (Fig. 5E, F) was noticed between RAtreated and untreated embryos. Therefore, Cdx1 appears to be the only Cdx gene to be precociously transcriptionally activated by RA like Hoxb1.
Cdx1 does not mediate the early inducibility of Hoxb1 to RA
Since both Hoxb1 and Cdx1 are strongly RA-inducible at pre-and early streak stages, and because Cdx1 is a Hox regulator, we tested whether precocious induction of Hoxb1 by exogenous RA was dependent on Cdx1. We assayed Hoxb1 expression upon RA exposure in Cdx1 null mutant embryos (Subramanian et al., 1995) . The same strong and precocious induction of Hoxb1 was measured after early exposure of wild type and Cdx1 null embryos to RA in culture (not shown). This indicates that Cdx1 does not mediate the response of Hoxb1 to RA. We also found that initial Hoxb1 and Hoxb8 expression was not altered in Cdx mutants lacking both Cdx1 alleles and one Cdx2 allele (data not shown), suggesting that Cdx gene products are not mediating endogenous Hox gene initiation during gastrulation. (Bhattacharrya et al., 1997) . In such a case, hypersensitivity of 3 0 Hoxb genes to RA-induced transcription would imply that the 3 0 side of the Hox cluster is more sensitive to the 'opening' activity of RA. Differential sensitivity to chromatin opening could also depend on the Pc-G epigenetic system.
Cdx1 shares early susceptibility to activation with Hoxb1
Evidence has accumulated to propose that Cdx genes and Hox genes are evolutionary closely related. Duplication of an ancestral gene cluster would have given rise to the Hox and ParaHox clusters, first identified in Amphioxus (Brooke et al., 1998) . Cdx1 is expressed initially as early and as anteriorly as Hoxb1, and we proposed (van den Akker et al., 2002) that Cdx genes possess 3 0 Hox structural and regulatory features, and would be paralogous to relatively anterior Hox genes. The present data further strengthen this view since Cdx1, like Hoxb1 seems to be immediately available for transcription before gene expression is normally initiated, as early as in pre-and early-streak stage embryos. The regulatory sequences of Cdx2 and Cdx4 apparently have diverged away from the initial Hox-like features. Cdx2 has acquired an early expression domain in extraembryonic ectoderm before the gene is first expressed in a Hox-like manner in the embryo proper. In spite of the amazing similarity in the way all three Cdx genes and Hox genes establish their expression domains (Deschamps et al., 1999) , considerable differences have arisen between Cdx 1 and its paralogues, such as the difference in sensitivity to early RA exposure. In spite of its extreme RA-sensitivity, Cdx1 was shown not to mediate the early response of Hoxb1 to RA. In fact, our experiments strongly suggest that Cdx gene products, which positively regulate the Hox genes during the establishment of their expression domains (Subramanian et al., 1995 , Charité et al., 1998 , Van den Akker et al., 2002 , are not involved in the earliest initiation of Hox gene transcription.
3.3. Sensitivity of Hoxb1 to early RA stimulation occurs at a level hierarchically higher than the post-initiation RAresponse of individual Hoxb genes Previous work had made it clear that 3 0 to 5 0 Hox genes differentially respond to RA exposure at time points following their initial expression by a local anterior extension of their expression domains (Marshall et al., 1992; Conlon and Rossant, 1992) . A gene-specific window of RA sensitivity has been documented for Hoxb1 to start at E7.5 , for Hoxb4 at E8.0 (Gould et al., 1998) , and for Hoxb6 at E9.5 and Hoxb8 at E10.5 (Oosterveen et al., submitted). All these RA-mediated regulations occur via RAREs present in neural enhancers operative on transgenes isolated from the cluster context Gould et al., 1998; Huang et al., 1998; Oosterveen et al., submitted) . We now show that Hoxb1 expression can be induced by RA at developmental stages much earlier than after endogenous activation of the gene, and that this extreme early RA-sensitivity is not mimicked by a Hoxb1lacZ transgene able to recapitulate all aspects of Hoxb1 expression including RA-inducibility after expression has started. We consider it unlikely that precocious activation depends on additional regulatory sequences not present on the transgene, and favour the view that it relies on a particularly good accessibility, in the endogenous context, of the most 3 0 RAREs flanking Hoxb1, or on a higher sensitivity to RA-induced chromatin opening. This would imply the necessity for Hoxb1 to be in the cluster for its expression to be absolutely correctly regulated, even though randomly integrated Hoxb1lacZ transgenes are expressed extremely similarly to their endogenous counterpart at all stages after the earliest initiation time point. The different pre-initiation sensitivity of 3 0 and 5 0 Hoxb genes to RA, and the observation that a 3 0 HoxlacZ transgene does not exhibit the extreme sensitivity of its endogenous counterpart, suggest the existence of a level of Hox regulation governing 3 0 directional gene activation hierarchically higher than that acting via the local RARE-containing neural enhancers. in conjunction with position specific factors. Whichever role endogenous RA plays in normally initiating Hox transcription, it certainly is not the exclusive Hox initiator molecule, since Raldh2 null mutant embryos (Niederreither et al., 1999) did not manifest any change in the spatio-temporal features of Hoxb1 initial expression (B.R., Karen Niederreither, Pascal Dollé, Pierre Chambon and J. Deschamps, unpublished) . Disruption of the RAREs in early neural enhancers of Hoxb1 and Hoxa1 has a more dramatic effect on early Hoxb1 activation (Studer et al., 1998) than the absence of RA anabolism in Raldh2 mutants observed here. This indicates that other aspects of the regulation by RA/RARs are involved in early gene activation, supporting the second hypothesis mentioned above, of an active role of RA/RARs in opening chromatin structure. The early predisposition of 3 0 Hox genes for chromatin opening and transcription may underlie the polarity of first expression of clustered Hox genes. After the expression of the first Hox gene has been turned on, the 3 0 opening of the cluster would progress in the 5 0 direction, making the genes sequentially available for transcription, concomitantly with the release of the cluster-encompassing repression (Van der Hoeven et al., 1996; Kondo and Duboule, 1999; Kmita et al., 2000) . Facilitated transcriptional activation would account for the first expression of the 3 0 most Hox gene, and would subsequently counteract the 5 0 -nested repression progressively withdrawing from 3 0 to 5 0 positions in the cluster.
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Experimental procedures
Generation of Hoxb1lacZ transgenic lines
The Hoxb1lacZ transgene used was a 21.6 kb Not1-Sal1 genomic fragment containing lacZ in frame with the first exon of Hoxb1 (Marshall et al., 1992 .
Transgenic mouse lines were generated by pronuclear injection of C57Bl6 X CBA F2 zygotes, as previously described (Charité et al., 1995 (Charité et al., , 1998 . Five founder mice were generated, all expressing the transgene. Two were selected for further breeding, established as lines and crossed to homozygocity. Both express the Hoxb1lacZ transgene identically. Hoxb1/lacZ embryos were collected from crosses between homozygote transgenic males and C57Bl6 X CBA F1 females.
Embryo dissection and culture
Embryos were collected from crosses between C57Bl6 X CBA F1 mice. Hoxb1lacZ embryos were collected from crosses between homozygote transgenic males and F1 females. Staging of embryos was according to Downs and Davies (1993) , and K. Lawson (personal communication, see also Davidson et al., website) .
Cdx1 mutant embryos were derived from intercrossing Cdx1 homozygotes (Subramanian et al., 1995) . Cdx1 homozygous mutant mice were crossed with Cdx2 heterozygous mutant mice (Chawengsaksophak et al., 1997 ) to obtain transheterozygous offspring. These were crossed with Cdx1 null animals to obtain Cdx1 2/2
/Cdx2
1/2 embryos. Raldh2 homozygous mutant embryos were obtained from Raldh2 heterozygous intercrosses (Niederreither et al., 1999) . The time of fertilization was taken as the midpoint of the dark cycle before the copulation plug was found.
For embryo culture, embryos were dissected from the uterus with intact ectoplacental cones, and the embryo was put in HEPES-buffered Dulbecco's modified Eagle's medium (DMEM) containing 7.5% foetal calf serum (FCS), after which Reichert's membrane was removed. Embryonic stages were determined by morphological inspection (size, streak extension, amount of mesoderm), and by measuring the proximal to distal embryonic part. In the first series of experiments, embryos were cultured for up to 4 h in DMEM containing 50% heat-inactivated rat serum that was prepared by centrifugation immediately after withdrawal from the dorsal aorta. In other experiments, 15% FCS was used instead of rat serum. The results were identical in both conditions. Culture took place in 1 ml in a slowly rotating polystyrene tube or in 650 ml in a 4-well plate (Nunclon), with a maximum of two embryos per tube or well, in a 6.3% CO 2 (rat serum), or 7.5% CO 2 (FCS) humidified atmosphere at 378C.
Whole mount in situ hybridisation
Whole mount in situ hybridisation was essentially as described (Wilkinson, 1992) with minor modifications.
Digoxigenin-labelled antisense probes were as follows: for Hoxb1, the probe was generated from an 800 bp EcoRI fragment (Wilkinson et al., 1989) , the Hoxb2 probe was a 3 kb long EcoR1-Not1 fragment (Rubock et al., 1990) . The Hoxb3 probe was a 900 bp Sac1-BamH1 fragment . Hoxb4 probe was generated from a 1.3 kb EcoRI fragment (Graham et al., 1988) , the Hoxb6 probe was derived from an 1.0 kb EcoRI fragment (Schughart et al., 1988) . For Hoxb8 a combination of two probes was used: made from a 420 bp SacI fragment from the first exon, and made from a 350 bp SacI-KpnI fragment from the 3 0 untranslated region (Charité et al., 1994) . Cdx probes were generated from a 849 bp (Meyer and Gruss, 1993) , 227 bp (James et al., 1994) and 615 bp (Gamer and Wright, 1993) fragment of Cdx1, Cdx2 and Cdx4, respectively, all corresponding 3 0 untranslated regions. The lacZ probe was a 700 bp Pst1-Rsa1 fragment from the lacZ gene, used in Charité et al. (1994) .
X-gal staining of embryos and sectioning
X-gal staining was as described (Charité et al., 1994) . For sectioning of embryos after whole mount in situ hybridization, embryos were first dehydrated through a graded series of ethanol and infiltrated through cold glycol methacrylate (Technovit 8100) overnight at 48C, after which the plastic was polymerised overnight at 48C. Sections were cut at 7 mm and counterstained with 0.1% neutral red for 15 s and mounted in Depex.
